1. Connectivity is a pivotal feature of landscapes that affects the structure of populations and the functioning of ecosystems. It is also a key consideration in conservation planning. But the potential functional effects of landscape connectivity are rarely evaluated in a conservation context.
Introduction
Fluxes of organisms, materials and energy link the structure and functioning of ecosystems across landscapes (Loreau, Mouquet & Holt 2003; Hyndes et al. 2014 ).
This connectivity is critical for the persistence of all populations and assemblages (Baguette et al. 2013; Kool, Moilanen & Treml 2013) , and integrates terrestrial, freshwater and marine communities (Knight et al. 2005; Huijbers et al. 2015) . It helps sustain biodiversity and underpins the spatial distribution of essential ecological functions (e.g. propagule dispersal, carrion consumption, predator-prey interactions), the structure of food webs and the capacity of ecosystems to resist or recover from disturbance (Lundberg & Moberg 2003; Massol et al. 2011; Bernhardt & Leslie 2013) . Consequently, connectivity is now a key consideration for conservation planning (Rudnick et al. 2012; Olds et al. 2015) .
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affect the performance of marine reserves (Nagelkerken, Grol & Mumby 2012; Olds et al. 2013) . These effects of seascape connectivity on mobile consumers and herbivores can also modify the composition of seafloor habitats in reserves (Pittman & Olds 2015) . For example, herbivorous fish perform an important ecological function on coral reefs: by consuming algae that would otherwise overgrow corals they help to maintain reefs in a state of coral dominance (Edwards et al. 2014; Vergés et al. 2014) . By feeding on different algal resource types herbivorous fishes may help reefs to both resist and recover from disturbance. Grazers (e.g. parrotfish and surgeonfish) scrape low-profile turf algae from corals and may help to prevent reefs from being overgrown by algae, whereas browsers (e.g. rabbitfish) remove established macroalgae from reefs, which may help them recover from algal dominance (Hughes et al. 2007) . Certain herbivorous reef fish also utilize mangroves as juvenile nurseries or as foraging areas and may thus be more abundant on reefs that are closer to mangroves, both in the Caribbean Sea (Mumby & Hastings 2008) and western Pacific Ocean (Olds et al. 2013; Davis et al. 2014) . Furthermore, inshore coral reefs that are both close to mangroves and protected in marine reserves can support a greater biomass and species richness of herbivorous fish than reefs that are open to fishing (Olds et al. 2012a) . These joint effects of mangrove connectivity and marine reserves influence the establishment of coral and algae on coral reefs, but the functional mechanism underpinning this effect has not been quantified.
We use inshore coral reef seascapes in the Moreton Bay Marine Park, eastern Australia, as a model system to examine the potential for combined effects of landscape connectivity and conservation on ecological functions. In Moreton Bay,
herbivorous fish migrate tidally from coral reefs to adjacent mangroves and seagrass, and reefs that are both near mangroves and protected in marine reserves support more herbivorous fish and experience greater coral recruitment than similar fished reefs (Olds et al. 2012a; Davis et al. 2014) . Reefs that are protected in marine reserves have also been shown to recover more quickly following the impact of extreme floods (Olds et al. 2014a) . This interdependence of spatial configuration and protection status suggests that mangrove-reef connectivity and reserve protection may shape key ecological functions on local reefs. We test whether connectivity between habitats shapes a key ecological function (herbivory on turf and macroalgae) on coral reefs and examine whether this effect is contingent on the presence of marine reserves, or the type of algal resource available.
Materials and methods

STUDY SEASCAPE
Moreton Bay is a large subtropical embayment on the southeast coast of Queensland, Australia. It comprises a heterogeneous seascape that includes coral reefs, mangrove forests and several reserves that are closed to fishing. Herbivorous fish are harvested in a commercial net fishery that targets rabbitfish (Siganus fuscescens) and by spearfishers targeting parrotfish (Scaridae) and surgeonfish (Acanthuridae), particularly bluebarred parrotfish (Scarus ghobban) and Australian sawtail (Prionurus microlepidotus) (Tibbetts & Townsend 2010; Olds et al. 2012a ).
We quantified the joint effect of connectivity and reserves on herbivory rates and the composition of herbivorous fish assemblages at 15 locations in Moreton Bay: seven were protected in no-take marine reserves and eight were on reefs open to fishing (Fig. 1) .
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The degree of connectivity between mangroves and reefs was measured from benthic habitat maps using ArcGIS (ESRI) (source: Healthy Waterways). We based connectivity measurements on the distance of reefs from mangroves and we sampled reefs that were near to (n = 7), and far from (n= 8) mangroves. We classified reefs as 'near' if they were within 250 m of the edge of mangroves; whereas reefs that were at least 500 m from mangroves were classified as 'far' (refer Olds et al. 2012a ). This classification is based on the mobility of fish species in these types of seascapes (Boström et al. 2011; Wedding et al. 2011; Pittman & Olds 2015) . Thus, in this case, habitats classified as near to mangroves were within the daily home ranges of adult herbivorous fish species that are common in the study area (i.e. parrotfish, rabbitfish and surgeonfish) (Davis et al. 2014; Green et al. 2014; Olds et al. 2014b) , whereas classified as far from mangroves were not.
HERBIVORY EXPERIMENTS
We quantified spatial variation in herbivory (i.e. rate of algal removal), focusing on two types of herbivorous fish: grazers (e.g. parrotfish and surgeonfish) and browsers (e.g. rabbitfish). The principal technique was to place known quantities of algae into the environment and to monitor their fate over time. Low-profile turf algae were deployed to measure grazing whereas fleshy macroalgae, Sargassum flavicans, were deployed to measure browsing. These algae were selected due to their 
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Rates of herbivory were measured by deploying ten preconditioned terracotta tiles (11 x 11 x 1 cm, each supporting a extensive coverage of turf algae) and ten haphazardly selected macroalgal thalli at each of the 15 locations selected. Before the experiment, tiles were left inside fish exclusion cages at a single reef for six weeks to grow a dense coverage of turf algae. During the experiment, nine experimental units (for both tiles and thalli) were available (not caged) to herbivorous fish for consumption, whilst one unit per location was inside a fish exclusion cage (0.7 x 0.7 x 0.7 m fitted with 10-mm monofilament mesh); this served as a procedural control for changes in algal cover and biomass not attributable to fish grazing. Turf grazing was quantified as the reduction in algal cover over 6 days of deployment 
FISH SURVEYS
The species composition and abundance of fish assemblages was assessed with underwater visual census (UVC). Five replicate 50 x 4 m UVC belt transects were surveyed at each location within 2 hours of low tide (when mangroves were dry and
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This article is protected by copyright. All rights reserved. not accessible to fish) so that fish were concentrated on subtidal reefs (Olds et al. 2013) . Replicate transects were positioned parallel to the reef slope (at depths of 1-3 m below the lowest astronomical tide) and separated by a minimum of 50 m. The same diver surveyed all transects, identified herbivorous fish to species level and recorded the abundance and size of all fish > 5 cm total length (TL). The accuracy of size estimates was evaluated using the standard fish model method (Olds et al. 2014b) . Fish density and size estimates were then converted to biomass using published length-weight relationships (Kulbicki, Guillemot & Amand 2005) .
Herbivorous fish species were classified as grazers or browsers according to their feeding behaviour (Hoey & Bellwood 2010a; Olds et al. 2012a; Edwards et al. 2014) .
DATA ANALYSIS
The influence of reserves and mangrove-reef connectivity (both fixed factors) on herbivory and herbivore biomass was examined using Permutational multivariate analysis of variance (PERMANOVA; Anderson 2001). To quantify the potential impact of water quality on herbivores and herbivory, we included an index of water quality (representing spatial variation in total nitrogen, turbidity and salinity) in analyses as a covariate (following Olds et al. 2014a ). Water quality data were obtained from the local Ecosystem Health Monitoring Program (EHMP 2015) (see Appendix S2). Water quality did not, however, influence the interaction between reserve and connectivity effects (Appendix S2) and so was not included in the final model. Separate analyses were then conducted to examine reserve and mangrovereef connectivity effects on grazing (i.e. turf algae removal) and browsing (i.e. macroalgae removal) herbivory (expressed as the average removed per day over 6 days of deployment). Analyses were based on modified Gower (Log 2 ) similarity
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(1) herbivore functional groups (i.e. browsers, grazers and territorial herbivores); (2) herbivore families; and (3) individual herbivore species. Fish data were first tested for collinearity, and data for each fish species were transformed where necessary.
Models were fitted using forward stepwise selection, and the strongest model was chosen using a corrected Akaike's information criterion (AICc).
Results
RESERVE AND CONNECTIVITY EFFECTS ON HERBIVORY
Grazing of turf algae was significantly greater on protected than on fished reefs, irrespective of whether either reef type was close or far from mangroves (Table 1, Fig. 2 ). By contrast, browsing of macroalgae was influenced by both conservation status and mangrove-reef connectivity (Table 1, Fig. 2 
). Macroalgal removal was
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greater on fished than on protected reefs that were far (>500 m) from mangroves, but did not differ between protected and fished reefs that were near to mangroves (Table 1, Fig. 2 ).
RESERVE AND CONNECTIVITY EFFECTS ON HERBIVORES
The conservation status of reefs was associated with significant spatial variation in the species composition of herbivorous fishes (Table 1, Fig. 3 ). The biomass of
Acanthurus dussumieri (pencil surgeonfish), Siganus fuscescens (black rabbitfish)
and Prionurus microlepidotus (Australian sawtail) was greatest on protected reefs (Fig. 3) . By contrast, the biomass of Abudefduf bengalensis (bengal sergeant) was greatest on fished reefs (Fig. 3) . Mangrove-reef connectivity did not influence assemblage composition (Table 1) .
FISH SPECIES THAT STRUCTURE HERBIVORY
Few herbivorous fish species appear to structure spatial variation in rates of herbivory. The biomass of two species of surgeonfish (i.e. pencil surgeonfish and Australian sawtail) was correlated with spatial variation in grazing herbivory (i.e. turf algae removal). The spatial distribution of pencil surgeonfish biomass on reefs was linked to 26% of the total variation in removal of turf algae (Table 3 ). The spatial distribution of Australian sawtail biomass contributed an additional 22% to the variation linked to pencil surgeonfish (Table 3 ). The cumulative contribution of these two surgeonfish species accounted for approximately half of the total variation in turf algae removed. By contrast, the biomass of no herbivorous fish species, family or functional group was significantly correlated with spatial variation in browsing herbivory (i.e. macrolagae removal) (Table 3) .
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Discussion
Both connectivity and reserve protection shaped herbivory on coral reefs. Protected reefs supported a greater biomass of herbivorous fishes, which led to increased grazing of turf algae on reefs; this reserve effect was independent of proximity to mangroves. Proximity to mangroves did, by contrast, matter for the consumption of macroalgae on reefs: browsing was significantly lower on protected reefs far from (Tibbetts & Townsend 2010; Olds et al. 2012a ). These species can consume both turf and macroalgae and regularly graze on turf algae in the study area (Olds et al. 2012a; Gilby 2015) , but their dietary ecology has not been well
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This article is protected by copyright. All rights reserved. studied (Choat et al. 2006; Downie et al. 2013; Basford et al. 2015) . Neither species is known to utilize mangroves (Olds et al. 2013; Igulu et al. 2014) , which may explain the absence of any significant proximity effect between reefs and mangroves. We contend that turf grazing by surgeonfish may be important for the functioning of coral reefs in Moreton Bay and suggest that these fish should be priority targets for further research and conservation. Indeed, turf grazing by these species may have provided the mechanism that enabled reefs that were protected in reserves to resist the impact of extreme floods that struck the region in 2011 (Olds et al. 2014a) .
The combined influence of connectivity and reserves on rates of browsing on macroalgae supports the contention that landscape context can structure the functional effects of protected areas (Bengtsson et al. 2003; Cumming 2011; Nagelkerken et al. 2015) , but the precise nature of this effect ran counter to our expectations. Macroalgal browsing was lower on isolated protected reefs than on all fished reefs, or protected reefs near mangroves. This joint effect of connectivity and marine reserves on browsing was not correlated with the biomass of any fish species. There was a weak, non-significant, association with the distribution of Abudefduf bengalensis (bengal sergeant), a territorial damselfish that feeds on benthic algae and invertebrates (Westneat & Resing 1988 
This article is protected by copyright. All rights reserved. macroalgal removal that we report. The function of browsing, however, can also be strongly influenced by the cover of macroalgae on coral reefs, with lower rates of browsing typically being reported from reefs that support a higher coverage of macroalgae (Hoey & Bellwood 2011; Chong-Seng et al. 2014) . In Moreton Bay, macroalgae is strongly correlated with water quality and coverage is greatest on reefs in the western Bay where nutrient concentrations are highest (Gilby et al. 2015) . Macroalgae can also be most abundant on reefs that are open to fishing, and this reserve effect is independent of a reefs proximity to mangroves (Olds et al. 2014a ). Therefore, variation in algae cover cannot explain the spatial patterns of macroalgal browsing that we report for reefs in Moreton Bay.
Coral reefs in the subtropical waters of Moreton Bay support few herbivorous fish species, with herbivore diversity being far lower than reefs in tropical waters. Limited diversity and possibly also low functional redundancy (i.e. few species that perform similar ecological functions) may be a common feature of herbivorous reef fish assemblages on subtropical reefs, which are dominated by species that browse on macroalgae (Hoey, Pratchett & Cvitanovic 2011; Vergés et al. 2014) . Two herbivorous reef fishes, Siganus fuscescens (black rabbitfish) and Scarus ghobban 
This article is protected by copyright. All rights reserved. 2007; Olds et al. 2012b; Davis et al. 2014) . Rather than feeding on the algae deployed in this study, these fish may have been consuming different algae on reefs or food items in adjacent habitats. It is, however, difficult to quantify the functional role of different herbivore species when we lack basic information on the diet, feeding ecology, and movement behavior of most herbivorous reef fish (sensu Brandl & Bellwood 2014) . Nevertheless, our findings highlight low herbivorous fish diversity on subtropical coral reefs, and suggest that ecological functions do not always scale as expected with the perceived niches or relative abundance of particular species.
Overall, our results show that both landscape connectivity and reserves can shape the functioning of ecosystems, and also indicate that these effects can vary with the type of resource examined. For example, turf herbivory was greater in reserves, which may help protected reefs resist being overgrown by algae following disturbance. By contrast, greater herbivory on macroalgae on isolated fished reefs may promote reef recovery from perturbation. This finding is of fundamental significance for the conservation of all ecosystems because it means that the changes in key ecological functions associated with reserves may vary markedly depending on the landscape context in which reserves are situated.
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This article is protected by copyright. All rights reserved. Survey locations depicted as circles over coral reef habitat. 
